We have investigated few-body states in vertically stacked quantum dots. Due to small inter-dot tunneling rate, the coupling in our system is in a previously unexplored regime where electronhole exchange is the dominant spin interaction. By tuning the gate bias, we are able to turn this coupling off and study a complementary regime where total electron spin is a good quantum number. The use of differential transmission allows us to obtain unambiguous signatures of the interplay between electron and hole spin interactions. Small tunnel coupling also enables us to demonstrate all-optical charge sensing, where conditional exciton energy shift in one dot identifies the charging state of the coupled partner.
Self-assembled quantum dots (QDs) are semiconductor nanostructures that exhibit threedimensional confinement of carriers. Due to spatial confinement, the electronic states in a QD are quantized and these structures have been referred to as artificial atoms. This description has been demonstrated experimentally with atom-like properties such as strong photon antibunching [1] and near life-time limited linewidths [2] . One can use the self-assembly mechanism to create aligned nanostructures that function as QD molecules. Eearlier studies have demonstrated hybridization of energy levels of two coupled QDs [3] , spectral signatures of tunnel coupling of multiple-hole [4, 5] or two-electron [6] states. It has also been shown that the g-factor can be engineered with control of the tunneling [7] . In contrast to the previously well studied coupling regime [6] , in our system the inter-dot electron coupling mechanism is significantly modified by electron-hole exchange. By tuning the gate bias, the complementary regime of pure electron-electron exchange was also investigated. Here, we use resonant scattering techniques to resolve the spectral signatures of various coupling mechanisms. We studied the optical emission and absorption from both QDs in the pair, which allowed us to use inter-dot Coulomb interactions in the system to determine the charging state of both QDs.
The heterostructures for the device for this work was grown with molecular beam epitaxy on a GaAs substrate. The sample consists of two layers of QDs, separated with 15 nm of GaAs, in a diode structure. The back contact consists of a n-doped layer and the top contact is a semi-transparent layer of Ti. The QD layer close to the back contact was separated from it with 25 nm GaAs and more blue-shifted than the layer closer to the top contact. The layers will be referred to as the blue and red layers, respectively. The red layer was spaced from the top gate with 160 nm GaAs, including an AlGaAs current blocking layer close to the top gate. The strain field on top of QDs from the blue layer gives a natural alignment of the nucleation of QDs in the red layer so that stacks are formed.
The measurements were performed using micro-photoluminescence (µ-PL) and differential transmission (DT) techniques at 4.2 K. For µ-PL, a 780 nm laser was used to create free carriers in the bulk GaAs. A lens with NA of 0.55 was used to both focus this laser and collect the luminescence, which was spectrally resolved with a resolution of 30 µeV. For DT measurements, a single frequency laser was tuned across the coupled QD resonances. A Si p-i-n photodiode detected the transmitted laser light and a lock-in amplifier was used with stark-shift modulation of the resonances to eliminate low frequency noise [8] . The diode structure allows controlled electron charging of the QDs. As the stacking probability of the QDs is not unity, we were able use single QDs without a coupled partner to investigate the spectral signatures of charging in the absence of coupling. These QDs showed no fundamental differences from what is known about single QDs in charge-injection devices. The charging behavior changes with the potential well depth, but also with the distance to the doped layer. In addition to emission wavelength, this difference in charging behavior between the layers aids us in the identification of which layer a certain QD is in.
The relatively large tunnel barrier between our dots allows us to study the emission properties of each QD of a pair with µ-PL. In Figure 1 as compared to the neutral exciton in contrast to previous reports on single-dots [10] .
In order to investigate the spin fine structure in the regions 3 and 4, we now focus on the DT measurements which provide higher resolution and eliminate spurious effects associated with the generation of free charges in the bulk GaAs. In these plots, the QDs are in the gate bias regime where we see X 1− absorption in the blue QD and X 0 absorption in the red QD. Based on the DT data shown and the unambiguous identification of the charging states through charge sensing, we can with very high confidence state that the excited states we probe in the DT measurements of Fig. 2(b) involve one hole localized in the red QD and two electrons. The DT signal disappears below a gate voltage of 150 mV, due to the fact that one of the optically generated electrons become unstable and tunnels out in to the free electron gas: in this regime, the red QD can be optically charged with a hole. 
The results shown in Figs. 2(b-c) indicate a different regime of coherent coupling from
those realized in previous studies on CQDs [6] , where electron-electron exchange was found to dominate the spin interactions. This can be seen most notably in the ratio of the transition strengths of the anti-crossing and crossing branches in Fig. 2(b) which here is about 1:1 as opposed to 1:3 in previous studies (for comparison, a numerical calculation for that regime is provided in the inset to Fig. 2(b) ). Based on a simple model that we present below, we attribute this qualitative difference to an unusually strong intra-dot electron-hole exchange interaction. We find that the following basis most transparently describes the DT data
singlet with both electrons in the blue QD and the other states are compositions of the one electron in the blue QD with a certain spin and a bright (B ± ) or dark (D ± ) exciton in the red QD, where "±" refers to right-hand/left-hand circular polarization. Considering the states from |1 to |5 , relevant for DT measurements carried out using right-hand circularly polarized laser, the Hamiltonian for this system and basis states is: An important feature of this Hamiltonian is the coupling of the state |1 with the states |3
and |4 through the t e term, and as shown in Fig. 2(d) . This particular hybridization will brighten the dark exciton |4 in a narrow gate bias regime around the anti-crossing as seen in the PL data of Fig. 1(b) and (e) (Line marked X D ). Note that the X D is brightest at a somewhat larger gate bias than predicted.
By fitting our model to the PL and DT data, we determine the isotropic part of electronhole exchange interaction δ 0 in the red QD of CQD1 to be 230µeV , while the single electron coupling is estimated to be t e = 137µeV , indicating we are in a new regime where the intra-dot electron-hole exchange interaction is the dominant scale. The strength of the anti-crossing considered (t * = 161µeV indicated in the inset of Fig. 2(e) ) implies that the exchange interaction is mainly mediated by one electron tunneling, while in the typical case of weak electron-hole exchange the value is about t * = √ 2t e arising from the possibility of two electrons tunneling [3] . Here, stronger electron-hole exchange ensures that effectively one electron spin is available for tunneling.
We next investigate the gate bias regime which allows us to switch the electron-hole interaction off through an optical double-resonance. This process is described in Fig. 3(b) .
Starting with an electron in the blue dot, the excitation of an indirect X 0 is followed by one of the electron tunneling to the back-contact as a two-electron charge in the blue QD is unstable at this gate bias, leaving a state with one electron in the blue and one hole in the red QD. This is the ground state of the X 1+ transition which turns out to be at the same energy, which allows scattering until the hole tunnels out towards the top gate resetting the system to the initial configuration of one electron in the blue dot. The relative brightness of the X 1+ to the X 0 in Fig. 1(e) indicates that the lifetime of the optically generated hole is long compared to the lifetime of the exciton. Note that the indirect X 0 is comparatively weaker in the shown range. The electron-hole exchange interaction in the X 1+ configuration will vanish because of the two holes in the red QD forming a singlet. Hence, the two lines in Fig. 3(a) effectively correspond to emission from an electronic singlet/triplet state formed by pure indirect electron-electron exchange (A similar two-electron coupling, but for the ground state was studied in Ref. [11] ). Figure 3(b) shows the DT signal at a gate bias of 106.5 mV. By using a linearly polarized resonant laser, we find that the higher energy transmission dip that corresponds to the three triplet states has an area close to three times that of the lower energy one that corresponds to the singlet state. The splitting between the dips is about 8.5 µeV. The electron tunneling rate corresponding to the measured splitting is found to be t e ≈ 140µeV which is close to the previously calculated value of t e = 137µeV for CQD1.
Further in Fig. 3(c) , we present data showing a strong polarization dependence of the two photon absorption process in Fig. 3(a) . The resonance is clearly visible with linear polarized light, but with a circular polarized laser, it is substantially reduced. The optical selection rules for the indirect X 0 and the direct X 1+ are orthogonal for circular polarization, thereby blocking either the optical charging of the hole or the scattering depending on the spin of the original electron in the blue QD.
In conclusion, we have demonstrated coherent coupling between two stacked QDs in the regime where the electron-hole exchange is the dominant interaction and leads to qualitative differences in the spectrum as compared to the case where the inter-dot indirect electron exchange process is the dominant scale. We were able to probe the opposite regime of nominally vanishing electron-hole exchange by varying the gate voltage and utilizing a double-resonance in absorption. We expect that the optical charge sensing that we used to identify the charging states in our system is itself a very valuable tool for other applications in quantum information processing such as single spin measurement via spin-charge conversion [12, 13] .
Y. Z. wishes to acknowledge funding from LGFG. This work was supported by NCCR Quantum Photonics (NCCR QP), research instrument of the Swiss National Science Foundation (SNSF).
in and around the QD. These effects affects the hole g-factor more than the electron and the g-factor of the hole can even change sign [14] . The X −1 line of the blue QD has an exciton g-factor of 1.93.
[16] The X 0 of the red CQD1 has the unusual attribute of an X-Y splitting that is less than the linewidth.
